The suprachiasmatic nucleus (SCN) is the neural network that drives daily rhythms in behavior 
sustain ca. 24 h period and thus allow organisms to anticipate recurring daily environmental events relevant for survival (Mohawk et al., 2012) . At the molecular level, circadian timekeeping is sustained by interconnected feedback loops that regulate the expression of clock genes (Buhr & Takahashi, 2013; Mackey, 2007) . In mammals, CLOCK and BMAL1 dimers activate transcription of Period (Per) and Cryptochrome (Cry) genes, whose protein products inhibit their own transcription. Over time, PER and CRY proteins are degraded, allowing their transcription to recommence the following day. This molecular oscillator operates in nearly every cell of the body to regulate cellular physiology in a tissue-specific manner (Zhang et al., 2014) .
At the system level, local tissue clocks in the brain and body are coordinated by the suprachiasmatic nucleus (SCN) of the anterior hypothalamus (Evans, 2016) . Serving as the master clock, the SCN sends temporal cues to downstream tissues to coordinate them with one another and the 24 h day. Like other cells, individual SCN neurons are capable of sustained circadian timekeeping. However, intercellular signaling among SCN neurons drives several emergent network properties that are essential for master clock function. Networked SCN neurons produce cellular rhythms that are more precise, higher amplitude, and more robust than those of isolated SCN neurons (Herzog et al., 2004) . Further, circadian period varies among individual SCN neurons (Welsh et al., 1995) , and coordination of an ensemble period is needed for the transmission of coherent daily output signals (LowZeddies & Takahashi, 2001; Smyllie et al., 2016) . In contrast to the tendency of networked SCN neurons to adopt a common period, SCN neurons display differences in the phase of cellular activity that contribute to master clock function in key ways. For instance, the phasing of cellular rhythms across the SCN network is thought to influence the daily patterning of daily outputs (Kalsbeek & Buijs, 2002; Rohling et al., 2006; Yamaguchi et al., 2003) . In addition, cellular phase relationships across the anteroposterior axis of the SCN network likely encode photoperiod to regulate seasonal changes in behavior and physiology (Hazlerigg et al., 2005; Inagaki et al., 2007; Rohling et al., 2006) . Thus, interactions among SCN neurons distributed across the network are critical for coordinating cellular rhythms so that the population forms a functional circadian pacemaker. Despite its importance for master clock function, the mechanisms that regulate spatiotemporal organization across the anteroposterior axis of the SCN network remain unknown.
As noted, emergent properties of the SCN network, including coordinated circadian phase and period, derive from intercellular signaling mediated by numerous signaling molecules (Southey et al., 2014) . Based on differences in neuropeptide expression, the SCN is classically segregated into two compartments known as the shell and core (Abrahamson & Moore, 2001; Antle et al., 2003) . The SCN shell spans the anteroposterior extent of the network and contains a large population of neurons that express arginine vasopressin (AVP). In contrast, the SCN core is enveloped by the SCN shell and contains neurons that express vasoactive intestinal polypeptide (VIP). VIP signaling is an important modulator of SCN function required for maintaining synchrony of cellular rhythms (Vosko et al., 2007) . In contrast, the role of AVP remains unclear. Historically, AVP has been considered mainly as an SCN output signal (Antle et al., 2003; Kalsbeek et al., 2010) , but recent evidence suggests that AVP may also regulate the function of the SCN network itself (Ingram et al., 1998; Li et al., 2009; Yamaguchi et al., 2013) . Because most previous studies have focused on shellcore circuitry along the dorsoventral extent of the SCN, the degree to which neuropeptide signaling contributes to spatiotemporal organization along the anteroposterior axis of the network remains unclear.
Given that AVP neurons span the anteroposterior extent of the network, we hypothesized that AVP signaling modulates cellular rhythms across this domain. To test this hypothesis, we first investigated the anteroposterior expression of signaling components for AVP and other neuropeptides known to interact with AVP using in situ hybridization. We found evidence for patterned expression of all these pathways in the anterior versus posterior poles of the SCN network, including differential expression of AVP receptor V1a and V1b transcripts that suggest potentially diverging functions of AVP along the SCN anteroposterior axis. We then demonstrate that this anteroposterior asymmetry in transcript expression is associated with regional differences in the effect of AVP receptor antagonism on the period and phase of cellular rhythms across the SCN network. This work reveals the functional relevance of the anteroposterior axis of the SCN and identifies regional AVP signaling as the first major mechanism that modulates cellular rhythms across this dimension. Finally, we also present in situ data showing complementary expression of ligand/receptor pairs for both Vasoactive Intestinal Polypeptide (VIP) and Prokineticin2 (PROK2) signaling systems across the anteroposterior SCN. This suggests that anteroposterior asymmetry in intercellular signaling is a general SCN property.
| MATERIALS AND METHODS

| Animal and husbandry conditions
PERIOD2::LUCIFERASE (PER2::LUC) mice (Yoo et al., 2004, RRID: IMSR_JAX:006852), generated on a C57BL/6 background, and wild type C57BL/6 mice were bred and raised under a 24 h light:dark cycle with 12 h of light and 12 h of darkness (LD12:12). Vip −/− and Vip +/+ mice generated on a C57BL/6 background were bred and raised under LD14:10. Throughout life, ambient temperature was maintained at 22 ± 2 C, and mice had ad libitum access to water and food (Teklad Rodent Diet #8604). These studies were conducted in accor- 
| In situ hybridization
Gene expression for Avp and Prok2 was assessed in adult male and female 2-to-6-month old C57BL/6 Vip +/+ and Vip −/− mice, with sexes apportioned equally among groups. Gene expression for V1a, V1b, Vipr2, and Prokr2 was assessed in adult 3-month-old male C57BL/6 wild type mice. Mice were entrained to LD 12:12 and released into constant darkness (DD) for 24 hours. Brains were flash frozen on dry ice during the second day in DD and processed for chromogenic in situ hybridization buffer, transitioned to B3 buffer (100 mM Tris pH 9.5, 100 mM NaCl, 50 mM MgCl 2 ), and laid out to colorize in humidified chambers at room temperature in B3 buffer + 0.34 mg/mL NBT (Thermo Fisher Cat#PI-34035), 0.18 mg/mL BCIP (Sigma Cat#11585002001), and 0.24 mg/mL levamisole hydrochloride (Sigma Cat#L9756). The colorization reaction was monitored under a dissecting microscope and extinguished in stop buffer (10 mM Tris pH 7.5, 50 mM EDTA) while the reaction was still within its linear range. As a quality control to ensure linearity, the reaction was terminated for a given probe either before the signal at peak expression saturated or before the background staining increased, whichever occurred first. Slides were then coverslipped in gelvatol. Probes generated from Open Biosystems clones were used for Avp (BE945936), Vipr2 (AI840195), and Prok2 (BU938827). Other probes were generated from TOPO clones made in-house using inserts amplified with these primers (written 5'-to-3'):
V1b (AACTGTCCCGATTCTAACCTGA, GGAGGAGGACTCACCAATA-CAG), and Prokr2 (GGGACAGGCTTTACCACAGA, ACAGGGA TGCTGAGGGTATG).
| Densitometry analysis of in situ hybridizations
Bright field images were obtained with a 1-by-2 mosaic at 20X on 
| SCN bioluminescence analyses
PER2::LUC rhythms were analyzed with Lumicycle and Matlab-based scripts as described previously (Evans et al., 2011) . Time in vitro was normalized across samples to account for differences in the clock time of the start of recording by expressing the start time of recording relative to Zeitgeber Time (e.g., if a recording started 1 h after lights-off, the ZT start time would be ZT13). To assess whole tissue PER2::LUC rhythms from imaging, a time series was generated using a handdrawn region encompassing each lobe (ImageJ Software) and analyzed with Lumicycle software. PER2::LUC rhythms from SCN sub-regions and cell-like ROIs were extracted and analyzed using Matlab-based scripts. For individual phase maps, a time series was generated for each 12-pixel diameter ROI on a uniform grid with 2-pixel spacing.
The time series for each ROI was judged to exhibit a significant circadian rhythm if the autocorrelation coefficient with a lag of 24h was significant at α = 0.05, a local maximum occurred in the autocorrelation corresponding to a lag between 18h and 30h, and the signal-to- Because time in vitro is corrected for the ZT start time of recording, this measure is referred to as "ZT Peak Time". To examine phase relationships across the SCN network in average phase maps, regional ZT peak time was expressed relative to peak time of the whole anterior slice on the first cycle in vitro, and referred to as "Relative Peak Time".
Lastly, damping rate of PER2::LUC rhythms was recorded using Lumicycle analysis software, which calculates the number of days required for the rhythm amplitude to decrease to 1/e of the initial value (ca. 37%).
| Immunohistochemistry
To assess the relationship between regional differences in PER2::
LUC rhythms and neuropeptide expression, SCN slices like those used for imaging were processed for arginine vasopressin (AVP) and vasoactive intestinal polypeptide (VIP) expression, as in previous work (Evans et al., 2011) . Specifically, SCN slices were sectioned at 150 μm and cultured immediately with colchicine-treated medium 
| Statistical analyses
Rhythmicity of gene expression in Planes 1-5 and whole SCN was assessed using JTK-Cycle version 3.1 (Hughes et al., 2010) . Other statistical analyses were conducted using JMP software. Full factorial ANCOVA was used for in situ data (main factors: Circadian Time (CT),
Plane of section, CT*Plane) and PER2::LUC imaging data (main factors: Antagonist Group, SCN Slice/Region, Group*Slice/Region), with
Mouse ID# included as the ANCOVA regression factor to account for multiple slices/cells being collected from the same mouse. In addition, in situ data were binned into subjective Day (CT04-CT12 for all probes except Prok2, which used CT00-CT08) and subjective Night (CT16-24 for all probes except Prok2, which used CT12-CT20) and submitted to one-way ANCOVA to assess overall spatial differences in gene expression. Also, one-way ANCOVA was used to test withingroups differences in PER2::LUC rhythms across slices or regions. Finally, given the spatially modulated dependence of Avp expression upon VIP signaling, we tested for polarization of VIP signaling 
| V1 antagonism modulates SCN period and phase in a dose-dependent manner
To test whether regional differences in Avp and V1 expression modulate SCN function, we performed PER2::LUC bioluminescence 
| AVP signaling modulates SCN period in a region-specific manner
Next we investigated whether spatial patterning of V1 receptors influences the function of the SCN network along the anteroposterior axis.
Three consecutive SCN slices were collected from each mouse for PER2::LUC imaging and cultured with medium containing either vehicle or 100 μM OPC + SSR (i.e., the dose that altered period and phase without damping PER2::LUC rhythms, Figure 9 ). As expected, the period of SCN rhythms in vehicle-treated slices was ca. 24 h Having established that period-lengthening effects of V1 antagonism vary across the anteroposterior SCN, we next tested for regional differences in the coronal plane of each slice. Similar to our whole slice analyses (Figure 10a ), SCN neurons in control slices displayed 
| AVP signaling influences phase differences among SCN neurons
Given the effect on period length varied by SCN region, we predicted that V1 antagonism would alter phase relationships among SCN neurons. Under control conditions, the SCN network displayed gradients in the phase of cellular rhythms across its three dimensions (Figure 11a -b, one-way ANCOVA: p < 0.0001), as shown previously (Evans et al., 2011 (Evans et al., ,2013 . One of the most pronounced features is a regional node within the anterior SCN that peaks 2-4 h later than 
| AVP signaling modulates SCN period in a spatiotemporal manner
The present study provides evidence that AVP signaling directly influences the period of SCN rhythms, which has not been appreciated fully in previous work. Pharmacological inhibition of V1 receptors has been observed to lengthen period of organotypic SCN slices collected from postnatal PER2::LUC mice (Edwards et al., 2016) , but changes in SCN period have not been reported in other work using lower doses (Maywood et al., 2011) . We reconciled these observations by constructing a dose response curve, which demonstrates that period is lengthened by V1 antagonism in a dose-dependent manner in our slice preparation (i.e., acutely dissected SCN slices collected from adult mice). Because the antagonist dose/type and the age/nature of the preparation can vary across labs, these may be important factors to consider given evidence that the role of AVP signaling changes with age (Ono et al., 2016) .
Genetic approaches examining the influence of AVP signaling on SCN function have likewise produced conflicting results. The freerunning period of locomotor rhythms is lengthened in Brattleboro rats (Groblewski et al., 1981) and V1a −/− mice (Li et al., 2009 ), but not (Yamaguchi et al., 2013) . Recent work focusing on the role of AVP clock neurons rather than AVP signaling per se has found that the period of behavioral activity rhythms is lengthened in Avp-Cre;Bmal1 lox/lox mice, which lack a functional molecular clock in AVP neurons and show abrogated AVP expression (Jin et al., 1999; Mieda et al., 2015) . However, correlational studies have not found a consistent relationship between the number of AVP neurons and circadian period in genetic models with naturally occurring variation in AVP expression (Bult et al., 1993; Scarbrough and Turek, 1996) . The reason for discrepant results across different genetic models remains unclear, but may involve developmental compensation and/or differential roles for V1A and V1B receptors in regulating period. Our results suggest that AVP signaling can influence SCN function by activating either V1 receptor subtype, which is consistent with previous work indicating that V1A and V1B receptors have similar affinity for AVP and both receptor subtypes are linked to G q signaling (Koshimizu et al., 2012; Maybauer et al., 2008) . Given similarities in the structure and function of the V1A and V1B receptors, spatiotemporal differences in their regulation of SCN function likely reflect their differential expression patterns along the anteroposterior axis of the network.
Interestingly, only the V1B-antagonist SSR lengthened period in the anterior SCN where V1b receptor transcripts are most concentrated. communicate to the rest of the network. Consistent with this possibility, AVP release rhythms in vitro are shorter than those for VIP release (Noguchi & Watanabe, 2008; Noguchi et al., 2004) , suggesting that AVP neurons in the SCN have faster cellular clocks than VIP neurons.
However, cell-type specific period is not evident in isolated SCN neurons categorized post hoc into neuropeptide subgroups (Webb et al., 2009) , and AVP neurons themselves display regional differences in period length (Noguchi et al., 2004) . Thus, it seems more likely that network connectivity tunes the period of SCN neurons.
We speculate that countervailing influences of AVP and VIP work together to constrain SCN period to ca. 24 hours, which is the defining feature of the circadian clockworks ( Figure 13) . Thus, V1 inhibition may lengthen period by removing the AVPergic check on VIP signaling. This model is supported by our observation of stronger periodlengthening effects of V1 antagonism in VIP expressing regions ( Figure 10e ) and in the anterior SCN, which is enriched for Vipr2 (Figure 8a-d) . Consistent with this model, SCN slices that contain fewer VIP expressing neurons display shorter periods (Noguchi & Watanabe, 2008) . Further support for VIP as a competitive driver of period is provided by complementary work indicating that VIP signaling lengthens SCN period and entrains cellular rhythms of AVP neurons (Noguchi & Watanabe, 2008; Watanabe et al., 2000; Yamaguchi et al., 2003) . With this in mind, it is notable that activating VIP neurons with Gq signaling lengthens SCN period (Brancaccio et al., 2013) by a magnitude similar to AVP receptor antagonism (Figure 10a , Edwards et al., 2016) . Determination of SCN period may also involve additional signals that interact with VIP and AVP. One potential candidate is PROK2, which is expressed asymmetrically across the anteroposterior SCN ( Figure 5 ) and lengthens behavioral circadian period in Lhx1 mutant mice that are deficient in a range of SCN neuropeptides . Importantly, enriched expression of V1b, Vipr2, and Prokr2 together with enhanced V1-mediated period responses in the anterior SCN suggest that this site preferentially integrates multiple neuropeptide signals that modulate period in opposite directions (Figure 13 ).
| AVP signaling modulates phase relationships among SCN neurons
Our work also suggests that AVP signaling regulates SCN phase relationships to increase the magnitude of regional phase differences.
SCN neurons adopt specific phase relationships (Evans et al., 2013; Inagaki et al., 2007) , and the spatiotemporal organization across the network contributes to the fidelity and temporal patterning of SCN outputs to downstream tissues (Evans et al., 2015; Kalsbeek & Buijs, 2002) . We find that antagonizing AVP receptors reduces SCN phase differences by preferentially delaying the phase of cellular clocks in the middle-to-posterior regions of the network. A reduction of cellular phase differences is also suggested by SCN imaging data collected from V1a −/− V1b −/− mice (Yamaguchi et al., 2013) , although this was not analyzed directly in this previous report. Further, V1 antagonism reduces the magnitude of intra-SCN phase differences across the dorsoventral axis of Cry1 −/− ;Cry2 −/− SCN when rhythms were rescued by co-culture with a wild type SCN (Ono et al., 2016) . Lastly, V1a −/− mice and Avp-Cre;Bmal1 lox/lox mice display a long duration of behavioral activity relative to controls (Li et al., 2009; Mieda et al., 2015) . This is consistent with our in vitro results because the duration of behavioral activity and the magnitude of SCN phase dispersion are inversely related (Evans & Gorman, 2016) . This overall pattern of results suggests that SCN phase dispersion may be reduced in the absence of AVP signaling in vivo. Future work should assess how AVP signaling influences SCN organization and interacts with VIP signaling across the lifespan (Duncan et al., 2001; Ono et al., 2016) .
By modulating SCN phase relationships, AVP signaling may have pronounced consequences for SCN function and how the circadian system adjusts to changing environmental conditions. Phase relationships among SCN neurons dictate the waveform of circadian rhythms under different photoperiods (Hazlerigg et al., 2005; Inagaki et al., 2007) . AVP signaling may modulate the phase of the posterior SCN relative to the rest of the nucleus ( Figure 13 ) and regulate plasticity of behavioral rhythms during seasonal changes in the environment (Evans et al., 2011 (Evans et al., ,2013 Inagaki et al., 2007; Naito et al., 2008) . Further, Avp expression in the SCN increases under long day photoperiods in some species (Duncan et al., 1995; Hazlerigg et al., 2005; Tournier et al., 2003) Considering that AVP influences phase relationships among SCN neurons, it remains curious that exogenous AVP does not induce phase shifts in vivo despite its ability to alter SCN electrical properties in vitro in a V1-dependent manner (reviewed in Ingram et al., 1998) .
This stands in contrast to strong effects of exogenous VIP on both phase and network synchrony (Albers et al., 1991; Maywood et al., 2011; Piggins et al., 1995) . This discrepancy may reflect regional differences in signal transduction for AVP versus VIP signaling and/or the degree to which each influences the expression of other SCN neuropeptides ( Figures 2, Figures 6 ; Bedont et al., 2017; Harmar et al., 2002; Li et al., 2009 ).
| Anterior and posterior SCN are neurochemically and functionally distinct subdomains
The anteroposterior asymmetries in expression of both Avp and its receptors described here markedly expands on previous work focused on Avp expression along the dorsoventral axis (Hamada et al., 2004; Jin et al., 1999; Yoshikawa et al., 2015) . Although RNA and protein expression can differ, the match between regional patterns of transcript expression and antagonist-driven effects suggests that spatial asymmetries are likewise evident at the post-transcriptional level.
Strong effects of V1 antagonism on the phase of the posterior SCN correspond with highly rhythmic V1a expression that oscillates in antiphase to Avp in this specific region of the network. Based on the relative phasing of these rhythms, AVP signaling would be predicted to have discrete (i.e., non-parametric) effects on the phase of cells in this specific region (Pittendrigh, 1981) . In contrast, period lengthening effects of V1 antagonism were greatest in the anterior SCN, which displays constitutively higher V1b expression than the posterior SCN.
This pattern of receptor expression likely contributes to stronger period effects in the anterior SCN by inducing a more tonic (i.e., parametric) response to AVP (Aschoff, 1965) . Lower amplitude rhythms of V1a and Avp expression in the anterior SCN may further contribute to the tonic nature of AVP signaling in this specific domain.
Furthermore, the expression of VIP and PROK2 signaling components suggests a common posterior-to-anterior directionality to their signaling, with both receptors having denser expression in the anterior SCN and both ligands having denser expression in the middle-to-posterior SCN. Collectively, these results support the view that the anterior and posterior SCN are distinct compartments ( Figure 13 ). Together with accumulating evidence of other structural and functional differences along the anteroposterior axis of the SCN (Bedont & Blackshaw, 2015; Evans et al., 2011; Inagaki et al., 2007; Lokshin et al., 2015; Morin, 2007) this leads us to postulate the existence of discrete anterior and posterior SCN subdomains, oriented orthogonally to and overlapping the classical core/shell axis of the network.
In summary, our work identifies AVP as the first known signaling mechanism that functionally organizes molecular clock properties across all three dimensions of the SCN network. First, we find compartmentalized expression of not only AVP, but also VIP and PROK2 signaling components that suggest regionally distinct interactions between AVP and other key signaling pathways. We then identify AVP signaling as an important modulator of molecular clock properties along the anteroposterior SCN, with region-specific effects on period and phase that coincide with V1a and V1b expression patterns. Finally, we show that the SCN shell and core differ in their period and phase responses to V1 antagonism, complementing previous work documenting effects of VIP in the dorsoventral axis (Pauls et al., 2014) .
Together, these findings suggest a model in which AVP and VIP signaling together dictate spatiotemporal patterning of clock properties across all three dimensions of the SCN (Figure 13 ). In this manner, our work reinforces the view that SCN organization is mediated by multiple signaling mechanisms released by distinct cell groups interacting in a recursive manner (Evans et al., 2013; Maywood et al., 2011) . The continuing challenge to understanding the SCN circuit will be to unravel how signals from different neuronal subgroups are integrated across the three dimensions of the master clock network.
